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THE DISTRIBUTION OF SUBSTANCE P 
IN THE HABENULO-INTERPEDUNCULAR SYSTEM 
OF THE FROG SHOWN 
BY AN IMMUNOHISTOCHEMICAL METHOD 


M. KEMALI Aanp V. GUGLIELMOTTI 
Istituto di Cibernetica, CNR, Via Toiano 6, 80072 Arco Felice (Naples), Italy 


ENT ROD UG TO uw 


The habenulo-interpeduncular (HAB-ITP) circuit is a unique constellation of struc- 
tures in the vertebrate central nervous system. Its uniqueness lies in the fact that 
two paired nuclei, the habenulae (HAB) — located on the right and left side of 
the epithalamus — converge their fibers, which are gathered together in the two 
Meinert’s fasciculi retroflexes (FR), to a midline single structure, the interpen- 
ducular nucleus (ITP) — located in the tegmentum mesencephali. They traverse 
this nuclei more than once, from one edge to the other, making that zig-zag wiring 
pattern, well known from the illustrations of Cajal (4), before terminating. The 
whole HAB-ITP circuit constitutes the inner ring — the phylogenetically oldest 
portion — of the limbic system. 

Few changes have occurred in the HAB-ITP system during the phylogenetic 
history of the vertebrate brain and this system in its essence is considered one 
of the most conservative structures from cyclostomes to man (9). 

The modifications which occurred during the evolution of the central nervous 
system are mainly in the epithalamic region. They concern the pineal complex 
with which the HAB establish connections modifiable during phylogenesis. These 
modifications are considered by early anatomists (12, 14, 16), and by more recent 
anatomists using tracing techniques such as horseradish peroxidase (HRP) (7, 21) 
to be the probable source of the morphologic asymmetry of the habenular nuclei 
in lower vertebrates. 

Here we only take into consideration the HAB-ITP system of the frog and di- 
sregard the extracranial (frontal organ) and the intracranial (epiphysis) portions 
of the pineal complex. The HAB of the frog are subdivided into dorsal and ventral 
nuclei which correspond to be medial and lateral HAB respectively of mammals 
(2). In addition, the dorsal HAB of the frog are strikingly asymmetric, the left 
being more lobated than the right (19). 

The projections of the HAB-ITP system have been studied by means of HRP 
(21, 23) and cobalt tracing techniques (24) and these studies have underlined the 
differential connections established by the various parts of the system. However, 
using HRP, the two FR have been found to be of the same size (22). In the present 
paper we have tried to correlate the well established asymmetry of the frog HAB 
with the immunolocalization of substance P (SP). 
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There is experimental evidence that SP participates in neuronal communication 
either as a conventional neurotransmitter or as a modulator (27). The components 
of the HAB-ITP system have neurons and fibers positive to SP in all the species 
studied (5, 10, 26, 31) raising the possibility of a nociceptive function of this cir- 
cult. 

In the frog such information is scarse. Inagaki ef al. (13), in an immunofluore- 
scence study on the overall distribution of SP in the frog Rana catesbiana report 
SP positive fibers in the ITP but do not mention the other components of the com- 
plex, while perikarya showing SP-like immunoreactivity were reported in the HAB 
and ITP of the newt (31). 

In the present paper we demonstrate, by means of the peroxidase-antiperoxi- 
dase (PAP) method that SP is distributed widely in the HAB-ITP system of the 
frog and that this distribution is asymmetric’. 


MATERIAL AND METHODS 


The immunoperoxidase PAP technique (30) was applied to 12 adult frogs of the species 
Rana esculenta of both sexes. Two of the frogs were treated with colchicine (Carlo Erba) 
(10 mg/100 gm body weight dissolved in 0.9% NaCl) by intraperitoneal injection 48 
hours prior to the immunohistochemical procedure. 

The twelve frogs were anaesthetized with tricaine methanesulphonate (MS 222. 
Sandoz) 1: 3.000 and perfused transcardially with 20 ml of 4% formaldehyde in 0.1M 
phosphate buffer at pH 7.4, at 4° C. The HAB and the ITP (sometimes a single piece 
containing both structures) were rapidly removed, postfixed for 3 hours at 4° C in the 
same fixative used for the perfusion and stored for 2 days in 20% sucrose in 0.1M pho- 
sphate buffer. 

Complete serial transverse and horizontal sections of the HAB and ITP were cut 
12 wm thick in a cryostat (Reichert-Jung Mod. 2700). Three groups of 4 sections each 
were mounted on slides pretreated with chrome alum gelatin. The slides were rinsed 
at room temperature for 30 min in phosphate buffered saline [PBS] and for further 
5 min in PBS/T (PBS plus 0.3% Triton X 100), the latter buffer being used for diluting 
all the incubation sera. All the rinsing steps were carried out keeping the slides on a 
slow horizontal agitator. The incubations were carried out in a humid atmosphere at 
room temperature except for the primary antiserum (SP) which was incubated for 90 
min at 37°C. 

The slides were first incubated for 10 min. with normal swine serum diluted 1:5 
then with SP antiserum (Minnesota Nuclear Corp., Stillwater, Minnesota, USA) dilu- 
ted 1: 300 and 1: 400, following which they were each given three 5 min rinses with 
PBS/T and then incubated for 30 min with swine anti-rabbit immunoglobulin diluted 
1: 30. After having been rinsed three times for 5 min each in PBS/T, the sections were 
incubated for 30 min with PAP complex (HRP/rabbit anti- HRP) diluted 1: 30, then 
rinsed once for 5 min with PBS, twice for 5 min each with 0.05M Tris buffer containing 
0.97% NaCl, pH 7.6, prior to the last step, carried out in the dark room, which was the 
incubation for 15-20 min in 0.0677, 3, 3’-diaminobenzidine 4HCI-2H,O in 0.05M Tris 
HCI buffer pH 7.6 containing 0.003% H,O,. The slides were then dehydrated in gra- 
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ded alcohols, cleared in xylene and mounted in Permount for light microscope exami- 
nation. 

Specificity of the immunoreaction was established by showing absence of diamino- 
benzidine staining in sections processed in parallel but incubated with primary antise- 
rum preabsorbed, 24 hours before the while histological procedure with SP (100 ug/ml), 
or by deleting the incubation with the primary antiserum. 

The topography of the SP immunoreaction positive cell bodies was compared with 
a Nissl-stained standard series of the frog’s Rana esculenta brain. 


RESULTS 


The results of our study are illustrate in Fig. 1-4 which are sections from frogs 
not treated with colchicine. In fact the colchicine-treated frogs did not add any 
further information to our study. 

The cytoarchitecture of the HAB is illustrated in Fig. | a, which shows a frontal 
section of the frog brain stained according to the Nissl method. The boundary bet- 
ween the dorsal and ventral HAB is indicated in the figure by the arrows. The dif- 
ferent cytoarchitectonic distribution of the cells of the dorsal and ventral HAB 
are apparent. In the dorsal HAB a few rows of cells encircle, like a ring, the neu- 
ropil while cells sparsely distributed characterize the ventral HAB. In addition, 
the dorsal HAB is asymmetric, only the left one being subdivided into two sub- 
nuclei (a medial and a lateral) as shown in Fig. 1 a. 

After the immunohistochemistry procedure (Fig. 1 5), the cells of the dorsal HAB 
show SP-like immunoreactivity which can be seen as a funnel confined to the pole 
of the cell from which the processes directed to the neuropil arise. This peculiar 
pattern is probably due to the fact that the cells of the dorsal HAB as seen in the 
electron microscope (20), have a very large nucleus and various cytoplasmic orga- 
nelles confined to the cellular pole facing the neuropil. 

As illustrated in Fig. 15, the SP-like immunoreactivity is distributed asym- 
metrically in the HAB of the two sides of the brain. In fact the dorsal right HAB 
and the lateral subnucleus of the dorsal left HAB show their cells positive to the 
SP-like immunoreactivity, while the medial subnucleus of the left dorsal HAB 
does not give such an immunohistochemical response. It must be pointed out, 
however, that a small portion of the right dorsal HAB facing the third ventricle, 
also lacks SP immunoreactivity. 

The medial subnucleus of the left dorsal HAB has a few fibers with SP-like im- 
munoreactivity in its neuropil (Fig. 2 a), while the ventral HAB in both sides 
show numerous SP-like immunoreactive terminals (Fig.s 2 0). 

The asymmetric distribution of SP-like immunoreactivity is visible also in the 
fibers of the FR, the main pathway connecting the HAB to the ITP. In this case 
the FR of the left side (Fig. 2 c) shows less SP immunoreactive fibers than the FR 
of the right side (Fig. 2d). 

The other nucleus of the HAB-ITP system, the ITP, shows fibers, terminals and 
a few parikarya with SP-like immunoreactivity. There is no asymmetry in the 

‘distribution of SP immunoreactive fibers within the ITP. This is apparent from Fig. 
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Fig. 1. — Transverse sections of the epithalamus of the frog at the level of the HAB. 


a: Nissl stained section. The arrows indicate the boundary between dorsal and ventral HAB (VEN). 
Note the asymmetry of the dorsal HAB, the left one being formed by two subnuclei, a medial, close 
to the ventricle, and a lateral. HAB COM = habenular commissure; lateral (L) and medial (M) sub- 
nucleus of the left dorsal HAB. 

b: SP-like immunoreactivity in the right dorsal HAB and in the lateral subnucleus of the left dorsal 
HAB. Note that the portion of the right dorsal HAB facing the third ventricel, shows no SP immuno- 
reactivity. 

Til V = third ventrice. Calibration bar = 100 um. 
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Fig. 2. — SP-like immunoreactive fibers and terminals in the HAB and FR. 


a: SP-like immunoreactive fibers in the medial subnucleus of the left dorsal HAB. 
b: SP-immunoreactive terminals in the ventral HAB. 


c and d: SP-like immunoreactive fibers in the left and right FR respectively. 
Ill V = third ventricle. Calibration bar 50 um. 
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Fig. 4. 
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3 (a-d) which shows different levels of the ITP cut transversely in the rostro (a) 
to caudal (d) direction and from Fig. 4 a, which shows the ITP cut in the horizontal 
plane. 

In addition, we were able to demonstrate a nucleus of scattered cells with strong 
SP-like immunoreactivity which is located rostro-dorsally to the ITP shown in 
Fig. 46 which represents a transverse cut at the level of the third cranial nerve nu- 
clei. The ITP of the frog is crossed by large blood vessels (small arrows in Fig. 4 e) 
which run on the right and left lateral edges of the nucleus and which communicate 
with the two huge blood vessels on the subpial ventral surface of the brain, the 
latter being shown cut transversely in Fig. 4c (large arrows). At higher magnifi- 
cation the blood vessels which cross the ITP show numerous SP-like immunoreac- 
tive terminals (Fig. 4d). 


DISCUSSION 


The results of our study demonstrate that the HAB-ITP system of the frog has a 
rather extensive distribution of SP immunoreactive elements which is in accordan- 
ce with the immunohistochemical findings reported on the same system of mammals 
(5, 10, 26). They are in accordance with the results of Inagaki et al. (13) who, by 
means of immunofluorescence demonstrated in the frog Rana catesbiana SP in 
the ITP and, after administration of colchicine, in cells located rostro-dorsally 
to the ITP. Our results show in addition that in the frog Rana esculenta SP-like 
immunoreactivity is present, in various degrees, in all the HAB-ITP components. 
The same has been reported for the newt a urodele amphibian (31). 

The cells which show the immunohistochemical reaction are located in the dor- 
sal HAB and in the ITP area, while terminals are located in the ventral HAB and 
in the ITP where numerous fibers have been demonstrated as also in the FR. From 
this we deduce that, with reference to this peptidergic system, the dorsal HAB and 


Fig. 3. — SP-like immunoreactive fibers and terminals in the ITP. 


Transverse sections of the ITP cut in a rostro-caudal (a-d) direction. 
Calibration bar = 100 um. 


Fig. 4. — SP-like immunoreactive fibers, terminals and cells in the ITP. 


a ia ee section of the ITP showing heavy SP-like immunoreactive fibers. Calibration bar = 
= pm. 

b: Transverse section of the ventral tegmentum showing a nucleus of SP-like immunoreactive cells 

located rostrodorsally to the ITP. The cut was at the level of the nucleus of the 3rd cranial nerve (I 
cn). V = cerebral aqueduct. Calibration bar = 100 um. 
@: Transverse section of the mesencephalic tegmentum at the level of the ITP which shows SP-like 
immunoreactivity. The small arrows indicate a blood vessel cut longitudinally while the large arrows 
indicate, on the subpial ventral surface of the brain, two large blood vessels cut transversely. Calibra- 
tion bar = 100 mum. 

d: High magnification of a portion of the ITP showing a blood vessel (arrow) with SP-like immuno- 
reactive terminals on its surface. Calibration bar = 5 pm. 
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some elements of the ITP area are efferent structures while the ventral HAB and the 
remainder ITP are afferent structures. 

The application of tracing techniques to the HAB-ITP system of the frog demon- 
strated that HRP injected into the dorsal HAB revealed, beyond various efferences, 
a projection to the ITP (23) while the same injection of HRP into the ITP demon- 
strated labeled cells in the dorsal HAB (21). Injection of cobalt in the FR at the 
level of the thalamus demonstrated labeled cells in the dorsal HAB as well as in the 
ventral HAB (24). This implies that the FR, along its pathway, collects fibers from 
and projects fibers to several structures. Since no SP-like immunoreactive cells 
were found in the ventral HAB, it seems that the portion of the FR which originates 
in the ventral HAB does not contain SP. 

In addition, HRP applied to the rat lateral HAB (equivalent to the frog ventral 
HAB) labeled some cells in a midline nucleus located in the ventro-tegmental area 
closely related to the FR and ITP. This nucleus was named the interfascicular nu- 
cleus (28) and biochemical studies demonstrated that it gives a contribution to a me- 
sohabenular dopamine projection (29). Also the application of fluorescent retrograde 
tracers demonstrated in the rat a projection to the lateral HAB from a portion 
of cells located in the ventral tegmental area (1). 

We cannot exclude that the SP-like immunoreactive cells demonstrated in our 
study, which are located rostro-dorsally to the ITP, project to the ventral HAB, 
where numerous SP-like immunoreactive terminals are present. Furthermore, the 
possibility that these same cells might represent a portion of the ventral tegmental 
area, which is a rather complex area containing groups of neurons with dopamine 
(6) and with peptides such as cholecystokinine (11) and enkephalin (15) remains 
to be elucidated. 

Beyond the demonstrations of the portion of the HAB-ITP system which is pepti- 
dergic, our study is also in favour of an asymmetric distribution of SP-like immuno- 
reactivity in the frog HAB-ITP system. In fact the dorsal HAB show SP-like im- 
munoreactive cells, although of low intensity in the right and in the lateral portion 
of the left dorsal HAB, while the number of SP-like immunoreactive fibers is grea- 
ter in the right than in the left FR. 

If we take into consideration the total cell population of the frog right dorsal 
HAB which is 8,500 and of the lateral subnucleus of the dorsal left HAB which 
is 4,470 (3) then we can correlate the larger right FR to the larger cell population 
of the right dorsal HAB, even if a small portion of its cells, those facing the third 
ventricle, have no SP immunoreactivity. 

The immunohistochemical asymmetry is not apparent in the ITP which shows 
a strong SP-like immunoreactivity distributed equally throughout its length. This 
is understandable when one considers the peculiar zig-zag wiring of the fibers which 
traverse the ITP from one edge to the other through the midline more than once 
before terminating. Although in the ITP of the rat a left-right pairing of the crest 
synapses has been interpreted as convergence of afferents arising in the right and 
left HAB (25), the peculiar wiring pattern of the fibers in the frog ITP may hide 
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or counterbalance the asymmetry in SP-like immunoreactive fibers originating 
in the HAB and distributing to the ITP through the FR. 

An histochemical asymmetry has been reported in the HAB of a lizard (8) where 
SP-like immunoreactive processes occurred in the left medial HAB and not in the 
right HAB. Besides the frog, we described a morphological asymmetry occurring 
also in the HAB of a lizard (18). So it seems that the morphological and the histo- 
chemical asymmetries are concomitant features in the HAB of low vertebrates. 

In conclusion, the frog might share with mammals the same HAB-ITP SP-like 
immunoreactive pattern with the exception of the asymmetry. The latter feature 
parallels, from the histochemical point of view in a general way the morphological 
asymmetry of the HAB which has not yet been clarified functionally. 

Beyond the asymmetric distribution of SP-like immunoreactivity in the HAB-ITP 
system of the frog other aspects remain to be explained, as for instance the mea- 
ning of SP-like immunoreactive terminals on the blood vessels which traverse the 
ITP. This is a structure which according to electron microscopic findings was po- 
stulated to have a neurosecretory function (17). 


SUMMARY 


The distribution of substance P(SP)-like immunoreactivity was studied in the habe- 
nulo-interpeduncular (HAB-ITP) complex of the frog Rana esculenta by means 
of the immunohistochemical peroxidase-antiperoxidase (PAP) method. The HAB 
of the frog were subdivided into dorsal and ventral nuclei, corresponding to the 
medial and lateral HAB of mammals respectively. In addition, the dorsal HAB 
of the frog were morphologically asymmetric, since only the left has a lateral and 
a medial subnucleus. 

SP-like immunoreactive cells were found in the right dorsal HAB, in the lateral 
subnucleus of the left dorsal HAB and in a nucleus of scattered cells located rostro- 
dorsally to the ITP. However, the medial subnucleus of the left dorsal HAB and 
a portion of the right dorsal HAB facing the 3rd ventricle, did not show SP immu- 
noreactivity. Immunoreactive fibers were found in the medial subnucleus of the 
left dorsal HAB, in the two fasciculi retroflexes and in the ITP. Moreover, immuno- 
reactive terminals were observed in the ventral HAB of both sides, in the ITP and 
on the blood vessels which cross the ITP. 

It is assumed that a portion of the fibers connecting the various structures of 
the HAB-ITP complex belongs to the SP peptidergic system as suggested for mam- 
mals. However, in contrast to the mammals, the results on the frog are in favour 
of an histochemical asymmetry of the SP-like immunoreactivity, since a different 
distribution of this peptide was found between the right and left side of the brain. 
Such histochemical asymmetry was less pronounced than the morphological asym- 
metry and its functional meaning is unknown. 


Acknowledgements. — The authors are very grateful to Dr. H. P. Lorez, Hoffman- 


La Roche, Basel, for his valuable suggestions which have permitted the realization 
of this paper. 


Wr 


10. 


it: 


DR 


£3: 


14. 
LS: 


16. 
Li. 


18. 


19% 


20. 


SUBSTANCE P IN THE FROG HABENULO-INTERPEDUNCULAR SYSTEM 279 


RBFERENCES 


. ALBANESE, A. and MINCIACCHI, D. Organization of the ascending projections from 


the ventral tegmental area: a multiple fluorescent retrograde tracer study in the 
rat. J. comp. Neurol., 216: 406-420, 1983. 


. BeccaRi, N. Neurologia Comparata, Firenze, Sansoni, 772 pp., 1943. 
. BRAITENBERG, V. and KEMALI, M. Exceptions to bilateral symmetry in the epi- 


thalamus of lower vertebrates. J. comp. Neurol., 138: 137-146, 1970. 


. CAsAL Ramon y S., Histologie du Systéme Nerveux de I’Homme et des Vertébrés. 


Vole2,. Paris, Maloine, 1911. 


. CuELLo, A. C., Emson, P. C., PAxinos, G. and JESSELL, T. Substance P contain- 


ing and cholinergic projections from the habenula. Brain Res., 149: 413-429, 1978. 
DaAutstrom, A. and Fuxe, K. Evidence for the existence of monoamine-containing 
neurons in the central nervous system. I. Demonstration of monoamines in the cell 
bodies of brain stem neurons. Acta physiol. scand., Suppl. 232: 1-55, 1964. 


_ ELprebD, W. D., Fincer, T. E. and Notte, J. Central projections of the frontal or- 


gan of Rana pipiens as demonstrated by the anterograde transport of horseradish 
peroxidase. Cell Tissue Res., 211: 215-222, 1980. 

ENGBRETSON, G. A., BRECHA, N. and REINER, A. Substance P-like immunoreacti- 
vity in the parietal eye visual system of the lizard Uta stansburiana. Cell Tissue 
Res., 227: 543-554, 407 pp., 1982. 


_ Herrick, C. J. The Brain of the Tiger Salamander. Chicago, University of Chica- 


go Press, 407 pp., 1984. 

HOKFELT, T., ELpge, R. P., JOHANSSON O., LJUNGDAHL, A., SCHULTZBERG, M.., 
Fuxe, K., GoLpsTeIn, M., NILsson, G., PERNOw, B., TERENIUS, L., GAUTEN, D., 
JEFFCOATE, S. L., REHFELD, J. and Saip, S. Distribution of peptide containing neu- 
rons. Pp. 39-66. In Lipton, M. A., Di MASscio, A. and KituiaM, K. F. (Eds.) Psy- 
chopharmacology: A Generation of Progress. New York, Raven Press, 1978. 
HOKFELT, T., REHFELD, J. D., SKIRBOLL, B., IVEMARK, B., GOLDSTEIN, M. and 
Markey, K. Evidence for coexistence of dopamine and CCK in mesolimbic neu- 
rones. Nature, 285: 476-478, 1980. 

Hotmaren, N. and VAN DER Horst, C. J. Contribution to the morphology of the 
brain of Ceratodus. Acta Zool., 6: 59-165, 1925. 

INAGAKI, S., SENBA, E., SHIOSAKA, S., TAKAGI, H., KAWAI, Y., TAKATSUKI, K. 
SAKANAKA, M., MaTsuzAkI, T. and Toyama, M. Regional distribution of sub- 
stance P-like immunoreactivity in the frog brain and spinal cord: immunohisto- 
chemical analysis. J. comp. Neurol., 201: 243-254, 1981. 

JANSEN, J. The brain of Myxine glutinosa. J. comp. Neurol., 49: 359-507, 1930. 
JOHNSON, R. P., SAR, M. and Stumpr, W. E. A topographic localization of enke- 
phalin on the dopamine neurons of the rat substantia nigra and ventral tegmental 
area demonstrated by combined histo-fluorescence-immunohistochemistry. Brain 
Res., 194: 566-571, 1980. 

JOHNSTON, J. B. The brain of Petromyzon, J. comp. Neurol., 12: 1-86, 1902. 
Kemal, M. The interpeduncular nucleus (ITP): ultrastructure data in favour of 
a possible neurosecretory activity. Cell Tissue Res., 178: 83-96, 1977. 

KemALI, M. and AGre Li, I. The habenulo-interpeduncular nuclear system of 
a reptilian representative Lacerta sicula. Z. mikr.-anat. Forsch., 85: 325-333, 1972. 
KeMALI, M. and BRAITENBERG, V. Atlas of the Frog’s Brain. Heidelberg, Springer 
Verlag, 74 pp., 1969. 

Kemaut, M. and GuGLIELMOTTI, V. An electron microscope observation of the right 


280 


21% 


22% 


Pee, 


24. 
2% 
26. 


fae 
28. 


29: 
30. 


Shi 


M. KEMALI AND V. GUGLIELMOTTI 


and the two left portions of the habenular nuclei of the frog. J. comp. Neurol., 176: 

133-148, 1977. 

KeMALI, M. and GuGuieLmotti, V. The connections of the frog interpeduncular 

nucleus (ITP) demonstrated by horseradish peroxidase (HRP). Exp. Brain Res. 

45: 349-356, 1982. 

KEMALI, M. and GUGLIELMOTTI, V. Quantitative evaluation of the number of fi- 

bers in the right and left fasciculus retroflexus using horseradish peroxidase. Z. 

mikr.-anat. Forsch., 96: 750-754, 1982. 

KeEMALI, M., GUGLIELMOTTI, V. and GioFFRE, D. Neuroanatomical identification 

of the frog habenular connections using Peroxidase (HRP). Exp. Brain Res., 38: 

341-347, 1980. 

KEMALI, M. and LAZzAR, G., Cobalt injected into the right and left fasciculi re- 

troflexes clarifies the organization of this pathway. J. comp. Neurol., 1984, in press. 

LENN, N. J., WONG, V., and HANNIL, G. S. Left-right pairing at the crest synapses 

of rat interpeduncular nucleus. Neuroscience, 9: 383-389, 1983. 

Mroz, E. A., BROWNSTEIN, M. J., and LEEMAN, S. E. Evidence for substance P 

in the habenulo-interpeduncular tract. Brain Res., 113: 597-599, 1976. 

PERNOW, B. Substance P. Pharmacol. Rey., 35: 85-141, 1983. 

PHILLIPSON, O. T. and GrirFiTH, A. C. The neurones of origin for the mesohabe- 

nular dopamine pathway. Brain Res., 197: 213-218, 1980. 

PHILLIPSON, O. T. and Pycock, C. J. Dopamine neurones of the ventral tegmentum 
project to both medial and lateral habenula. Exp. Brain Res., 45: 89-94, 1982. 

STERNBERGER, L. A. Jmmunocytochemistry. Inglewood Cliffs, N. J., Prentice Hall, 

246. pp., 1974. 

TABAN, C. H. and CATHIENI, M. Distribution of substance P-like immunoreacti- 

vity in the brain of the newt (Triturus cristatus). J. comp. Neurol., 216: 453-470, 

1983. 


Archives Italiennes de Biologie, 122: 281-300, 1984. 


EXPERIMENTAL STUDIES ON DIFFERENT THRESHOLDS 
FOR EPILEPTIFORM ACTIVITY 


T. YAMAUCHI}, S. E. NEWMAN? ano C. AJMONE-MARSAN 3 


Clinical Neurosciences Branch, National Institute of Neurological 
and Communicative Disorders and Stroke, 
National Institutes of Health, Bethesda, MD 20205, U.S.A. 


INTRODUCTION 


It is well known that there are low and high seizure threshold regions in the brain. 
However, the mechanisms underlying these differences in threshold are still un- 
clear. One question is whether different seizure thresholds result from individual 
cell phenomena or from cell populations (synaptic connection) in different neuro- 
nal structures. To clarify this problem, effects of penicillin on single cell or cell 
population were examined in both hippocampus (low seizure threshold) and ol- 
factory bulb (high seizure threshold). 


METHODS 


Adult cats (2.0-3.5 kg) were anesthetized with ketamine (10-20 mg/kg) and/or ether for 
sugery. A small amount of sodium thiopental was administered and long-acting pro- 
caine was repeatedly infiltrated into the wound margins and pressure points during 
experiment. Routine tracheotomy and cannulation were performed. Cats were pa- 
ralyzed with gallamine triethiodide and artificially ventilated with humidified 0, by 
Harvard respirator. 

Arterial blood pressure, electrocardiogram, and body temperature were monitored 
continuously. Bilateral pneumothorax and axial suspension were performed to pre- 
vent respiratory and pulsatile movements. 

The olfactory bulbs and frontal cortex were cautiously exposed, and the hippocam- 
pus was exposed by suction decortication of one cerebral hemisphere. Surface potentials 
were recorded by silver ball tipped electrodes, and extracellular potentials were recor- 
ded by using 5-barrel microelectrodes whose tip size was 6-9 yu in diameter. Hippocam- 
pal pyramidal cells were identified by electrical stimulation (11, 22). Silver tipped sti- 
mulation electrodes were placed under direct vision on the fimbria or the alveus. Sti- 
mulation parameters were 0.05-0.10 msec square-wave pulses of 0.2-0.3 Hz. Hippo- 
campal surface activity was recorded from bipolar silver electrodes attached to a pres- 
sor foot which reduced pulsation artifact. The olfactory bulb mitral cells were iden- 
tified by the antidromic spike discharge occurring within 2 msec after electrical stimu- 
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lation of their centripetal part in the ipsilateral lateral olfactory tract (7). The lateral 
olfactory tract was stimulated by co-axial bipolar needle electrode (tip diameter 0.5 
mm) with the same stimulation parameters as described at the hippocampal surface 
stimulation. 

The central barrel of a microelectrode was filled with 4 M NaCl and used for recor- 
ding (1-3 M®). Each of the side barrels was filled with one ofthe following substances: 
1) D-L-homocysteic acid (0.2 M, pH-7 adjusted with NaOH, 50-150 M22), 2) y-amino- 
butyric acid [1 M, pH-3 adjusted with HCl, 30-100 M2], or 3] benzyl penicillin (0.3 M, 
pH-7 adjusted with either NaOH or citric acid, 20-70 M2). 

If the spontaneous unit firing rate was less than 10 spikes/sec, it was maintained bet- 
ween 10 and 20 spikes/sec with D-L-homocysteic acid (DLH). After a stable and sui- 
table unit for analysis was recorded, penicillin was applied either iontophoretically 
passing through one barrel of the multibarrel micro-electrode, or topically. 

Current was passed by a multichannel microiontophoretic apparatus (20). A 25 nA 
holding current for drugs, and a 50 nA holding current for penicillin was used. Since 
artifacts tended to occur with ejecting currents in excess of 500 nA, currents less than 
— 100 nA were selected for the penicillin electrode. Also, one of the side barrels of 5- 
barrel electrode was filled with 3M NaCl and functioned as a current summating ba- 
lance electrode to reduce current related artifacts. 

Penicillin was topically applied to the dorsal hippocampus or surface of olfactory 
bulb adjacent to the microelectrode by placing a 1 mm*® Gelfoam pledget, or a 1 mm? 
section of filter paper previously soaked in a sodium penicillin G (Sigma) solution of 
100,000 IU/ml; or a small amount of penicillin powder was gently placed on the sur- 
face using the tip of a polyethylene tube with an internal diameter of 1.15 mm. 

Firing rates were calculated from analogue pulses, generated by an amplitude time 
discriminator system. This permitted preselected spike characteristics to trigger the 
rate meter. Firing pattern also could be easily calculated by the interval of unit dischar- 
ge. Results were recorded on a Brush Accuchart ink writer output. 


IN 18S) WIL, IES 


Changes in single cell activity after penicillin application were examined under 


three main aspects, i.e. changes in 1) firing rate, 2) GABA inhibitory effect and 3) 
post-discharge inhibition. 


EFFECTS OF PENICILLIN IONTOPHORESIS ON A SINGLE CELL. 


I. Hippocampus. 


Activity from 96 extracellular hippocampal pyramidal cells was recorded in 56 
cats. 58 units were identified as pyramidal cells by electrical stimulation. The range 
of latencies following electrical stimulation of alveus or the fimbria was 0.2 to 
2.0 msec. Most of the pyramidal cells were located 0.3 to 0.6 mm below the surface 
of the hippocampus. The remaining 38 units did not respond to the electrical sti- 
mulation. The following findings refer to the pyramidal cell group, but the electro- 


physiological results were essentially similar in both the identified pyramidal and 
the unidentified cells. 
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1. Firing rates. — Penicillin was applied iontophoretically to each cell and the 
change in the firing rate was examined. Application of — 20 to — 100 nA peni- 
cillin resulted in a progressive increase in firing rates of most cells (Fig. 1 B). In 
order to quantitatively evaluate the change of firing rate following — 50 nA pe- 
nicillin iontophoresis, increment of a total number of unit discharge in 60 sec was 
counted and compared with control one at each minute and expressed as percent 
change of firing rate. 49 of 52 cells showed increase in firing rate (Fig. 1 A). The 
remainder demonstrated a fluctuating rate of firing. In only three of the cells either 
firing rate did not change or it was decreased. 

The firing rate increased within 1 minute of the onset of penicillin iontophoresis 
in 65.3% of the cells: and within 2-6 minutes in the remainder. Within 3 minutes 
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Fig. 1. — Changes in the firing rate during penicillin iontophoretic application (hippocampus). 
i i lue and standard error of 49 units. 

A: The percent change of firing rate 1s represented by the mean va 
Total acabsl of unit discharge was counted for 60 sec. and change of firing rate was expressed as the 
ratio to control firing rate (before penicillin application). Note increase of firing rate during penicil- 
lin (- 50 nA) iontophoresis. B: Example of changes in firing rate Is presented as a rate meter analysis. 
Firing rates increase during continuous penicillin iontophoresis (— 50 nA). 
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after ending penicillin iontophoresis the firing rates returned to the control levels. 
These results were similar whether in the presence, or absence of DLH. ; 

The firing pattern demonstrated no cluster firing during penicillin iontophoresis 
even if penicillin was applied continuously for 1 hour or longer (6 cells). 


2. GABA effects. — a) Continuous GABA iontophoresis: GABA was applied 
continuously for 8-10 min to 5 cells and the effect of penicillin on the inhibitory 
response to GABA was studied. Continuous iontophoretic GABA application 
(3-30 nA) produced almost complete suppression of spontaneous or DLH induced 
firing. However, 1-2 minutes after the onset of penicillin iontophoresis the unit 
firing reappeared and gradually increased in frequency. Within a few minutes 
following the cessation of penicillin iontophoresis, GABA inhibitory action re- 
turned to the control firing level (Fig. 2 B). 

6) Intermittent GABA iontophoresis: GABA was applied intermittently to a 
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Fig. 2. — Effects of penicillin on GABA inhibitory action (hippocampus). 


A: The percent change of GABA inhibitory action is illustrated by the mean value and standard 
error of 21 units. GABA inhibitory action is expressed as suppression of firing rate by GABA appli- 
cation (see text). GABA inhibitory action decreased during penicillin application. B: Penicillin and GABA 
interaction is presented as a rate meter analysis. GABA inhibition is gradually overcome by penicillin. 
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cell during penicillin iontophoresis. GABA at the control dose of 3-30 nA comple- 
tely suppressed unit firing in 88.9% of 54 cells which were tested. However, during 
penicillin iontophoresis these same doses of GABA either required a longer time 
interval for complete suppression of firing, or failed to completely suppress unit 
firing during a time interval equal to or less than the control interval in most cells. 

In order to quantitatively evaluate the change of GABA inhibitory effects, the 
following procedure was performed: GABA iontophoresis was adjusted to cause 
complete inhibition of cell firing within 30 sec. This effective dose of GABA was 
repeatedly applied to a cell before (control) and at 1, 3, 5, 7 minute of penicillin 
continuous application (— 50 nA) and also | and 3 minute after cessation of peni- 
cillin. 

From this procedure the total number of unit discharge in 30 sec during GABA 
application prior to, during, and after penicillin was determined. Changes of GABA 
inhibitory action was expressed by using following formula: 


Firing rate during GABA _ Firing rate during GABA 


before penicillin during or after penicillin i 
x 
Firing rate during GABA before penicillin 


The summary of results of the changes in the inhibitory effect of GABA in 21 
cells in presented in Fig. 2 A. In this figure, percent change of GABA inhibitory 
effect shows negative value, which means that GABA inhibitory effect decreased 
by penicillin application. This decreasing GABA inhibitory effect was still present 
3 min after penicillin cessation. 


3. Post-discharge inhibition. — Suprathreshold stimulation through an electrode 
placed on the surface of the hippocampus produced a discharge of the pyramidal 
cells followed by inhibition. The arrest of firing lasted 50-150 msec (Fig. 3 right 
side, inserted figure). 

The duration of this inhibition was analyzed before, during, and following pe- 
nicillin iontophoresis (Fig. 3). In 10 of the 15 cells tested the duration of inhibition 
was progressively shortened to 30-70 msec during the first 3 min of penicillin ionto- 
phoresis. Duration of the inhibition fluctuated in 2 cells, and did not change in 
3 cells. After the cessation of penicillin iontophoresis the inhibition was usually 
longer and more variable than during the control period. 


Il. Olfactory Bulb. 


The activity of 68 extracellular olfactory bulb cells was recorded in 22 cats. Fifty 
five of 68 were physiologically identified as mitral cells. The remaining 13 cells 
which were considered as non-mitral cells had longer latency or followed only 
lower rate (less than 30/sec) of electrical stimulation. The following findings are 


~ described for 55 mitral cells only. 


22. 


286 T. YAMAUCHI, S. E. NEWMAN AND C. AJMONE-MARSAN 


Duration of Inhibition 


Control 
100 300 msec 


a 
=). 
5 *: 
z ; Penicillin 
5 ot -100 nA, 5min 
us : 
0) eee | | 
CS) 
2. LS 
= Caan ee Penicillin Cessation 
= Aes 
ay , Imin after 
ro) 283 
ro) . 
S| ey 0 
Eli foes 2. 
min 
eee mv. 
elect. 100 msec 


stim. 


Fig. 3. — Effects of penicillin on post-discharge inhibition (hippocampus). 


Example of changes in the duration of post-discharge inhibition of a pyramidal cell during penicil- 
lin iontophoresis are presented. Right side: Electrical stimulation produced a post-discharge inhibition 
of 50-150 msec duration (Control). After 5 min of penicillin iontophoresis (— 100 nA) the duration 
of inhibition was shortened. After 1 min cessation of penicillin duration of inhibition prolonged again. 


Left side: The effect of penicillin (- 50 nA, —- 100 nA) on the duration of post-discharge inhibition 
is demonstrated in time course. 


The amplitude of the spikes ranged from 0.2 to 7.0 mV, and the frequency of 
the spontaneous discharge was usually 5-20 c/sec. Fifty-one of 55 cells increased 
their firing rate with —1 to —-10 nA current of DLH iontophoresis. 


1. Firing rate. — Penicillin was applied iontophoretically for 10.5 min and 
the change in the firing rate was examined in 14 cells. Application of — 50 nA pe- 
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nicillin produced increase of firing rate in 12 cells (85.74) and decrease in 1 cell. 
The other cell showed fluctuation of firing rate during penicillin application. Avera- 
ge increasing during penicillin application in the 12 cells was 135.6°% of control 
firing rate. In 4 cells neither burst (cluster) of firing nor surface interictal discharge 
was noted even for 30 to 60 min penicillin iontophoresis. 


2. GABA effects. — a) Continuous GABA iontophoresis: GABA was applied 
continuously (2-13 nA) to 5 cells and the effect of penicillin on the inhibitory re- 
sponse to GABA was examined. GABA initially suppressed unit firing almost 
completely. However, 1-5 min after the onset of penicillin iontophoresis the unit 
firing reappeared and gradually increased in frequency in 4 of 5 cells. In 1 cell GABA 
(13 nA) suppressed unit firing completely before and during penicillin iontophoresis. 

b) Intermittent GABA iontophoresis: GABA was applied intermittently to 15 
cells during continuous penicillin iontophoresis. The GABA inhibitory effect was 
evaluated by the same procedure as described before in the section of hippocampus. 
The GABA inhibitory effect was decreased during penicillin iontophoresis in 12 
of these 15 cells. This decrease of GABA inhibitory effect was 28.4% (mean value 
for 12 cells during penicillin application). In the remainder 3 cells, 1 showed no change 
of GABA inhibitory effect during penicillin application, 1 fluctuated and 1 showed 
increase of GABA effect. 


3. Post-discharge inhibition. — Single shock to the lateral olfactory tract pro- 
duced arrest of mitral cell firing for 30 to 100 msec. This duration, which was di- 
rectly related to the strength of stimulation, was examined before, during, and fol- 
lowing penicillin iontophoresis in 10 cells. Single shock stimulation was applied 
in 3 to 4 sec intervals to the olfactory tract and strength of the stimulation was 
adjusted to produce a 80-100 msec pause of firing. 

In 7 of the 10 cells a shortening of the duration was noted during penicillin ap- 
plication. The duration was prolonged in 2 and did not change in | cell during 
penicillin application. 


EFFECTS OF PENICILLIN TOPICAL APPLICATION ON A SINGLE CELL. 


| 1. Hippocampus. 


Extracellular recordings of 64 pyramidal cells from the hippocampus were con- 
sidered suitable for analysis. Resting surface activity from the hippocampus usually 
exhibited a regular 5-12 c/sec rhythm between 50 and 300 wV amplitude, mixed 
with small amplitude fast (15-30 c/sec) and slow (2-3 c/sec) activities. 

Within 6 min after topical penicillin application 300-500 «V surface paroxismal 
discharges began to appear. These were predominantly monophasic transients 


which rapidly increased in amplitude (1-2 mV) and in complexity of form. The 
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initial sporadic occurrence of the surface interictal discharges gradually became more 
regular over 5 to 15 min and developed a more stereotyped form. The following 
stages based on the patterns of surface activity, were defined after topical penicillin 
application for further examination (Fig. 4 A). Stage (a): time from the moment 
of topical penicillin application to the minute prior to the first interictal discharge. 
Stage (b): the minute preceding the first interictal discharge. Stage (c): time from 
the first interictal discharge to the minute proceding the first ictal episode. Stage (d): 
the minute preceding the first ictal event. Stage (e): time during each ictal episode, 
and Stage (f): time during all interictal episodes following the first ictus. 
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Fig. 4. — Changes in the firing rates before and after topical penicillin application (hippocampus). 


A: Both the hippocampus surface activity and the unit firing rate changes are presented simultaneous- 
ly. After the topical penicillin application (penicillin), the first interictal paroxysmal discharge was 
observed from the surface record (interictal). These paroxysmal discharges rapidly increased in ampli- 


tude becoming more regular and stereotyped in form. Stage (a) thr i 
ede ee ge (a) through (f) represent the different stages 


_ Changes in the firing rates are presented as a ra 
either prior to the first interictal or ictal events. 


B: Changes in the firing rates at the various sta ivi 
ges based on the patterns of th 
A, upper) are presented from the 16 cells analyzed. - re autem meas 


te meter analysis. Firing rates are not increased 
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1. Firing rates. — The mean firing rate in | min was calculated at each stage 
and compared with the control (before penicillin topical application) mean firing 
rate. 

The following changes in firing rates were noted at the various stages (Fig. 4 B). 
Stage (a): in 13 of 16 cells, after topical penicillin application the unit firing rate 
declined between 7.2% and 73% of the control rate; in 3 cells the increase exceeded 
the control firing rate. Stage (b): during the minute prior to the first surface interic- 
tal discharge, the unit firing rates were higher than at stage (a) in 8 cells, and lower 
than stage (a) in 7 of 16 cells; in 1 cell an ictal event occurred without an identi- 
fiable interictal stage. Stage (c): after the first surface interictal discharge the unit 
firing pattern changed with the spikes tending to fire in clusters, corresponding 
to the surface interictal discharge; after each of such cluster, the firing was sup- 
pressed between 200-1500 msec; the groups of spikes gradually became more re- 
gular in occurrence and the post-discharge suppression became longer in dura- 
tion the higher the incidence of the interictal discharges; however, the unit firing 
rate remained below that of the control level in 13 of 14 cells, and was less than 
stage (b) in 10 of 14 cells. Stage (d): Unit firing rates during the minute preceding 
the ictal events were lower than the control level in 11 of 12 cells, and lower than 
in stage (c) in 8 cells. Stage (f): the average back-ground firing rate was calcula- 
ted from the sum of unit spikes between 2 min and 10 min (or untile the next ictal 
episode, if less than 10 min). The average firing rate during stage (/) was less than 
during stage (c). The unit firing pattern became progressively more organized into 
regular clusters of spikes, corresponding to the surface interictal discharges. Post- 
interictal discharge periods were usually associated with a prolonged absence of 
unit firing. 


2. GABA effects. — GABA was continuously applied for long periods either 
prior to, or shortly after topical penicillin application in 5 cells. Initially, GABA 
completely suppressed unit firing, but during the 18-80 sec prior to the first interic- 
tal discharge the GABA suppression was incomplete (see Fig. 5 4 lower). In stage 
(c), the clusters of spikes associated with surface interictal discharge were not af- 
fected by GABA; the unit spikes not associated with surface interictal discharges 
on the other hand were markedly suppressed by GABA. 

Intermittent GABA application at 30-90 sec interval was performed on 17 trials 
(N = 8 cells). Intermittent GABA application suppressed unit activity in the inter- 
vals between, but not during the interictal discharges (Fig. 5 B), as with continuous 


GABA application. 


3. Post-discharge inhibition. — Using suprathreshold stimulation of the alveus 
or fimbria the duration of inhibition was analyzed before and after topical peni- 
cillin application in 14 cells (Fig. 6). Duration of such post-discharge inhibition 
was slightly longer during the first 1-2 min after topical penicillin application 
than before application; then it returned to the control range. The duration of 
post-discharge inhibition was not significantly different either before or after the 
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Fig. 5. — GABA effects on the cell with topically applied penicillin (hippocampus). 


A: Hippocampus surface activity (top), and firing rate by rate meter analysis (bottom) are presen- 
ted simultaneously. DLH (— 10 nA) activated unit firing was almost completely suppressed by GABA 
(15 nA) before topical penicillin application. GABA could also generally suppress the firing after pe- 
nicillin topical application except for only a few unit discharges observed before the occurrence of 
the first interictal paroxysmal discharge. The clusters of spikes associated with surface interictal di- 
scharges were not affected by GABA. 

B: The effect of GABA on unit discharges (lower row of figures) are shown compared to the control 
firing (upper row of figures in each stage: 1) before topical penicillin application, 2) 30 seconds prior 
to first interictal discharge and 3) during an interictal paroxysmal discharge. The clusters of spikes 


associated with surface interictal discharges are almost completely unaffected by GABA (see 3 of the 
figure). 


onset of the surface interictal discharges. However, after an ictal discharge, the unit 


firing rate became so infrequent that the duration of post-discharge inhibition was 
difficult to evaluate. 


Il. Olfactory Bulb. 


Mitral cell potential was recorded from the olfactory bulb extracellularly and 
identified electrophysiologically. Thirty-two extracellular units were considered 
suitable for anaysis of this study. The amplitude of the spikes ranged from 0.5 to 
6 mV. Since spontaneous firing rate usually exceeded 10 spikes/sec in most cells, 
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Fig. 6. — Changes in post-discharge inhibition (hippocampus). 


An example of changes in duration of inhibition following topical penicillin application is presented. 
During a succession of electrical stimulations of the hippocampus surface, penicillin was topically 
applied. Post-discharge inhibition produced by electrical stimulation was slightly longer than the con- 
trol. Thereafter, no significant differences in duration are noted. 


DLH applied to only a few cells for maintainance of firing rate at 10 spikes/sec or 


more. 
Resting surface activity recording by bipolar surface electrodes from the olfacto- 


ry bulb usually showed burst appearance of 15 to 25 c/sec fast activity with 3 c/sec 
to 8 c/sec wave. 


1. Firing rate. — Changes in firing rate were examined on 12 cells before and 
after penicillin topical application to the olfactory bulb. The mean firing rate 
was calculated at each 30 sec period after penicillin topical application and com- 
pared with the control (before penicillin topical application) mean firing rate. Per- 
cent changes of the firing rate were expressed by the same formula as described 
in the section of hippocampus. 

In the majority of cells (8 out of 12) firing rate transiently increased after peni- 
cillin topical application. After that, firing rate exceeded the control level again 
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and continuously increased before reaching a plateau in 8 ceils. The remainder 
3 cells in this stage showed fluctuation of firing rate, and in one cell the firing rate 


was below the control level (Fig. 7). ae 
The firing pattern showed no obvious changes even 60 min after penicillin topi- 


cal application. The surface activity was not significantly changed and no epilepti- 
form activity was observed from olfactory surface even after several hours (Fig. 


7, upper). 
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Fig. 7. — Changes in the firing rates before and after topical penicillin application (olfactory bulb). 


Upper row: Olfactory bulb surface activity before and 2 hour after penicillin topical application. No 
obvious seizure activity is observed even 2 hours after penicillin application. 

Middle row: An example of changes in firing rate before and after topical penicillin application. Chan- 
ges in the firing rates are presented as a rate meter analysis. 

Lower row: Changes in the firing rate are presented from the 12 cells analyzed. 


2. GABA effects. — GABA was applied intermittently to 15 cells before and 
after penicillin topical application on the surface of olfactory bulb. 2-17 nA cur- 
rent was required for GABA to completely suppress the unit firing before pe- 
nicillin topical application. However, after penicillin application, complete sup- 
pression of firing with these same doses of GABA either required a longer time or 
did not occur (Fig. 8A). 

In order to quantitatively evaluate the suppression effect of GABA, firing rate 
was calculated at every other minute and compared with the control (before peni- 
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cillin application) firing rate as described in the section of hippocampus. The de- 


crease of GABA inhibitory action was observed after about 5 minutes in most 
cells (Fig. 8 B). 
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Fig. 8. — GABA effects on the cell with topically applied penicillin (olfactory bulb). 


A: GABA was applied intermittently before and after penicillin topical application on the surface 
of olfactory bulb. An example of firing rate by rate meter analysis before (control) and 1, 3, 5, 7, 9, 
11, 13 and 15 min after penicillin topical application. 2nA GABA completely suppresses firing 
in control. However, after penicillin application these same doses of GABA either required a longer 
time for complete suppression of firing or failed to completely suppress unit firing. 

B: Percent change of GABA inhibitory action (see text for calculation method) of 15 cells are pre- 
sented. The decrease of GABA inhibitory action (negative value) was observed in most cells. 


3. Post-discharge inhibition. — Stimulation of lateral olfactory bulb through a 
surface electrode by suprathreshold (20-40V) electrical stimulation (0.1 msec, 0.2- 
0.3Hz) inhibited the firing discharge of the mitral cell for fifty up to several hundreds 
millisecond, depending on the current strength. 

The changes in the duration of this inhibition were examined before and after 
| penicillin application in 6 cells. Shortly after the penicillin topical application on 
‘the olfactory bulb surface, the duration of inhibition usually increased transiently 
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and returned to control level within 2 or 3 min. After that it began to decrease 
significantly, compared with control in 4 cells, and did not change in 2 cells for 
13 and 20 min after topical penicillin application (Fig. 9). 
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Fig. 9. — Changes in post-discharge inhibition (olfactory bulb). 


An example of changes in duration of inhibition following topical penicillin application is present- 
ed. Electrical stimulation of the lateral olfactory tract produced post-discharge inhibition before pe- 
nicillin topical application (control). After topical penicillin application on the olfactory bulb surface 
(5, 10 and 15 min after) this duration of inhibition shortened (A). Successive analyses of this duration 
of inhibition are presented by the mean value and standard error for 30 sec analysis (B). 


DISCUSSION 
Penicillin iontophoresis 


1. Changes in firing rate. Penicllin iontophoresis has been reported to increase 
the firing rates of most cells in the feline cerebral cortex within 6-20 min after the 
onset of low dose (— 40 nA) drug application (23; see also 10). However, accor- 


ding to Davidoff (4) it did not affect the firing rate in the majority of spinal cord 
cells. 
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In the present investigation of hippocampus pyramidal cells, 94.2°/ of 52 spon- 
taneous or DLH activated cells had increase firing rates during penicillin ionto- 
phoresis of — 20 to — 100 nA. Olfactory bulb mitral cells also showed the increas- 
ing of firing rate in 85.7% of cell by — 50 nA penicillin iontophoresis. As far as 
the effect of penicillin on firing rate of a single cell is concerned, there is no signifi- 
cant difference between hippocampus pyramidal cell and olfactory bulb mitral 
cell. This fact suggests that penicillin has an excitatory effect on both cells. 

2. Changes in GABA inhibitory effect. After the first suggestion (9) that GABA 
might be involved in the control of neuronal excitability, the action of GABA in 
various parts of the nervous system has been investigated intensively. These inve- 
stigations have shown a striking similarity with the effects of synaptic inhibition, 
i.e. in hippocampus (e.g., 1) and olfactory bulb (e.g., 15). 

Penicillin has been reported to reduce GABA effects. In this study GABA inhi- 
bitory action on hippocampus pyramidal cell and also on olfactory bulb mitral 
cell was confirmed. GABA could suppress firing discharge and its action was re- 
duced following penicillin iontophoretic application in the majority of both hip- 
pocampus pyramidal cells and olfactory bulb mitral cells. There were no significant 
difference between the two kinds of cells. 

3. Post-discharge inhibition. A progressively shortened duration of the post- 
discharge inhibition during penicillin iontophoresis was compatible with a peni- 
cillin induced antagonism of GABA. This may reflect a decrease of GABA inhi- 
bitory action mediated via hippocampal basket cells or olfactory bulb granule cells, 
since GABA is presumed to be the inhibitory transmitter released by such cells 
(2, 15). These phenomena were observed both in hippocampal pyramidal cell and 
olfactory bulb mitral cell. 


Topical application 


Although similar results were obtained from penicillin iontophoresis studies 
on hippocampal pyramidal cell and olfactory bulb mitral cell, several different 
findings were observed from the study of penicillin topical application on hippo- 
campus and olfactory bulb: Topical and iontophoretic penicillin application to 
the olfactory bulb mitral cell produced increasing firing rates, decreasing GABA 
inhibitory action and shortening of the post-discharge inhibition. On the other 
hand, in the case of the hippocampus, topical penicillin application and penicillin 
iontophoresis yielded significantly different results. . 

In the hippocampal cell, the unit firing rate was not increased immediately prior 
to the first interictal discharge (during stage (b)). This is consistent with intracel- 
lular data (14) indicating that there is not a gradual decrease in membrane poten- 
tial before the sudden occurrence of the large PDS (which corresponds to the sur- 
face interictal discharge). However, this fact is in contrast to the finding that 
with penicillin iontophoresis the unit firing rate would increase and the GABA 


inhibitory action decrease. 
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There are several possible explanations for this apparent discrepancy. First, 
it is possible that, when applied to the cortical surface, penicillin does not reach 
the cell. Macon and King (13) have reported a similar lack of effect in the feline 
cortical neurons, indicating that this may be due to failure of the topically applied 
epileptogenic agent to penetrate 1-2 mm into the somatosensory cortex. Recent 
investigation suggests that the rate of topical penicillin diffusion into the feline 
cortex is 1.5 mm/h (16). Using the end point as induction of seizure activity in 
perfused guinea pig brain slices, Schwartzkroin and Prince (18) determined that 
concentration of penicillin as low as 1.7 mM may be effective. Davenport ef al. 
(3) have calculated that the time required for this concentration of penicillin to 
penetrate to 1 mm depth was between 3.5 and 4.2 min, and to depth of 2 mm, 
between 14 and 17 min. Since the hippocampal pyramidal cells in the present study 
lie at the depth of 0.3 to 0.6 mm, and the penicillin concentration at the surface 
of hippocampus was higher than assumed by Davenport ef al. in their model, the 
effective seizure producing concentration at the level of the hippocampal pyramidal 
cells might be expected to occur in less than 4.2 min. Furthermore, in the case of olfac- 
tory bulb, firing rate increased from 5 to 8 min after the topical penicillin appli- 
cation. This also suggests that penicillin will affect the cell either directly or indi- 
rectly within several minutes. 

Next, there is the possibility that none of the cells which were sampled, but only 
the surrounding pyramidal cells were primarily affected by penicillin; that is, the 
cell under examination was only involved secondarily. We can not completely 
exclude this possibility, because a microelectrode recording is a sampling study 
from many cells. However, our results are consistent with the previous reports 
(13, 14). The chance that all the surrounding cells are influenced by penicillin, 
and that only the cell under examination is unaffected appears unlikely. 

Another possible explanation for the lack of changes after topical penicillin 
application to the hippocampus pyramidal cells is that the cells may have different 
sensitivities to penicillin even in the same neuronal structures, as demonstrated 
in the spinal cord (3), and in the hippocampus where Schwartzkroin and Prince 
(19) have shown regional differences to the epileptogenic action of penicillin in 
the hippocampal pyramidal cells: The CA3 cells always seemed to precede the CA1 
cells in the formation of bursts after hippocampal slices were placed into a penicil- 
lin bath. The CAI pyramidal cells in a normal medium were not significantly dif- 
ferent in resting membrane potential, resistance and time constant from the cells 
rendered epileptogenic in the penicillin bath. However, interictal and/or ictal events 
occurred consistently following penicillin topical application to a restricted CA1 
region in this study, and no apparent difference in results from the neurons in the 
CA1 and CA3 areas were observed. 

Another possible explanation is based on our results of topical penicillin appli- 
cation on the olfactory bulb, in which firing rate increased several minutes after 
the application without generating surface epileptiform activity. In the hippocam- 
pus, the appearance of surface epileptiform activity may obscure observation of 
the changes in pyramidal cell firing rate. Since the epileptic phenomenon is a pa- 
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thophysiological event characterized by excessive synaptic bombardment, ephap- 
tic conduction, and/or antidromic backfiring (8, 17), normal neuronal functions 
may be disturbed and masked by severe epileptic storm. This is why in the olfactory 
bulb, in the absence of epileptiform activity, changes in firing rate, GABA inhibitory 
effect and post-discharge inhibition could be clearly observed and these were si- 
milar to the iontophoresis data. On the other hand, in the hippocampus epilepti- 
form activity masked changes in firing rate, GABA inhibitory action and post-dis- 
charge inhibition, because epileptiform activity occurred before pyramidal cells 
were directly affected by penicillin. 

If this assumption is accepted, the questions arise as to where and how epileptic 
discharges occurred in the hippocampus and why epileptiform activity is not gen- 
erated in the olfactory bulb. We do not have an answer to these questions. We 
only suggest the possibility that cells might have different sensitivities to the effect 
of penicillin: e.g. small cells may have a higher sensitivity than large (pyramidal) 
cells. Therefore, the primary effect of topical penicillin may occur at the small cells 
and/or interneurons. Subsequent epileptiform activity may be produced through 
the activation of these small cells, with secondary involvement of the pyramidal 
cell in the early stages. At later stages, strong epileptiform discharges obscure pos- 
sible changes in the function of pyramidal cells. 


Mechanisms in the generation of epileptiform discharges. 


Long duration iontophoretic application of penicillin presumably to a single cell 
or to a restricted cell population only produced an increased firing rate without 
any observable surface paroxysmal discharge. In the case in which penicillin leaked 
from a broken electrode, the surface interictal activity was noted to occur with a 
corresponding abrupt change in the unit firing pattern (from random individual 
spiking to clusters of spikes) and subsequent long-lasting post-discharge silent 
periods. This process lacked a continuity of change in firing. These findings support 
the proposed mechanism of epileptogenesis requiring the activation of a minimal 
cell population. 

Enhancement of ‘‘ positive feedback system” or “recurrent excitation” have 
been considered to play a role in the generation of epileptic activity in hippocampus 
(12) and in neocortex (21). On the other hand, the failure to develop paroxysmal 
discharges is predicted by the lack of a recurrent excitatory system in cerebellar 
cortex (6). The special disynaptic dendro-dendritic type recurrent inhibition, and 
the long latency recurrent excitatory synchronous discharges (15) present in the 
olfactory bulb might have some bearing in preventing the generation of epileptic 
activity in the structure. These synaptological mechanisms are helpful to explain 
the different potency of an epileptogenic agent in different neuronal structures. 
However, small cells (which are hard to investigate even by microelectrode) and 
glial cells (idle cells) may also play an important role in determining the differ- 


ent threshold for epileptogenic activity (5). 
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SUMMARY 


This investigation was carried out to clarify the mechanisms for production of dif- 
ferent seizure threshold. To study this problem changes of a single cell activity 
were examined by means of penicillin iontophoretical application to a single cell of 
both low seizure threshold hippocampus and the high seizure threshold olfactory 
bulb, and also topical application to the surface of hippocampus and olfactory bulb. 

1. Penicillin was applied iontophoretically using five barrel glass micropipettes. 
Extracellular recordings from 58 hippocampal pyramidal cells and 68 olfactory 
bulb mitral cells were analyzed. 

Penicillin increased the firing rate in most of both hippocampal pyramidal and 
olfactory bulb mitral cells. This suggests that penicillin finally had an excitatory 
effect on both cells. The results from the experiments of intermittent and conti- 
nuous GABA application on a cell during penicillin iontophoresis revealed that 
GABA inhibitory action was reduced by penicillin in both cells. A progressively 
shortend duration of the post-discharge inhibition during penicillin iontophoresis 
also suggested that penicillin may reflect a decrease of GABA inhibitory action. 
No obyious seizure activity and/or no change of firing pattern were observed even 
after long penicillin iontophoresis. There was no significant different responses 
to penicillin iontophoresis in the hippocampus and the olfactory bulb single cell. 

2. Extracellular activity from 64 hippocampal pyramidal cells and 32 olfactory 
bulb mitral cells was recorded. The effects of penicillin topical application on sin- 
gle cell function were examined. 

From hippocampus surface, paroxysmal activity begun to appear within 6 min 
after topical application, and became more regular and stereotyped in form. The 
firing rate initially decreased in the majority of cells, with no increase prior to in- 
terictal or ictal events. The unit responses to both intermittent and continuous 
GABA iontophoresis was suppression in unit firing incidence, except for the burst 
patterns associated with the surface interictal or ictal discharges. Post-discharge 
inhibition was not significantly different either before or after the onset of the sur- 
face interictal discharges. These results indicate the firing rate and inhibitory fun- 
ction of the hippocampal pyramidal cells were not significantly changed during 
and following the development of interictal and/or ictal epileptiform activity. 

Olfactory bulb surface activity was not significantly changed and no epileptiform 
activity was observed even several hours after topical penicillin application. Changes 
in firing rate exhibited exceeding the control level in the majority of cells 5-8 min 
after penicillin application. GABA inhibitory action decreased by penicillin topical 
application after about 5 min in most cells. The duration of inhibition of mitral 
cell firing which was produced by lateral olfactory tract electrical stimulation de- 
creased significantly after penicillin application. 

To summarize, topical and iontophoretic penicillin application showed similar 
results in the olfactory bulb without generating surface seizure discharges. However, 


THRESHOLDS FOR EPILEPTIFORM ACTIVITY 299 


with topical penicillin application to the hippocampus there was no significant change 
of unit function. 


The present results suggest that single cell itself may not have different properties 


to generate either epileptic activity or difference of seizure threshold, and a critical 
population of directly activated cells may be required to generate seizure activity. 
The mode of synaptic connection may play an important role in determining the 
different threshold for epileptogenic activity. 
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INTRODUCTION 


On the basis of recent anatomical (20) and electrophysiological (2) investigations, 
the cortex of the superior temporal sulcus (STs) in the macaque monkey has been 
indicated as a multisensory field which includes unimodal as well as polymodal as- 
sociation areas (see Fig. 1 A). In particular, the caudal third of the STs is speci- 
fically correlated with the visual modality (27), so that is usually indicated as the 
visual region of the superior temporal sulcus. This cortical region, in turn, has been 
recently divided in various areas on the basis of electrophysiological and anato- 
mical criteria (26). The best known of these areas is the middle temporal area (MT), 
lying in the floor and the deepest part of the lower bank of the STs and characte- 
rized by its heavy myelination (26) and its high incidence of neurons showing se- 
lectivity for direction and speed of motion of visual stimuli (17). This direction 
sensitivity also seems to be a feature of the neurons of the cortex adjacent to the 
MT, in the floor and the upper bank of the STs (26), so that the majority of the STs 
visual region may be concerned with the analysis of moving stimuli. 

The aim of the present study has been to assess whether the different parts of 
the STs visual region are connected with one of the main subcortical stations of 
the visual system, that is to say the lateral geniculate body (LGb). The LGb consists 
of at least two anatomo-functional subdivisions: i) the dorsal lateral geniculate 
nucleus (DLGn), and ii) a portion indicated as the pregeniculate nucleus (PGn) 
in primates and the ventral lateral geniculate nucleus in other mammals (18). It 
is well known that both the DLGn and the PGn receive direct inputs from the retina 
(11, 19), the superior colliculus (1), and cortical visual areas (7, 8, 12, 22). As re- 
gards the STs cortex in the macaque monkey, while LGb afferents from the MT 
have recently been investigated (16, 25), possible projections from areas near the 
MT to the lateral geniculate body have yet to be delineated. The present work 
shows that the part of the visual cortical region adjacent to the MT is connected 
with both subdivisions of the LGb, whereas the MT itself, as well as the superior 
temporal polysensory region, projects into the PGn only. 


23. 


302 M. G. MAIOLI, C. GALLETTI, S. SQUATRITO, P. P. BATTAGLINI, E. RIVA 


METHODS 


The experiments were carried out on 5 juvenile macaque monkeys (Macaca fascicu- 
laris). Under deep Nembutal anesthesia, each animal received 2 to 3 unilateral intra- 
cortical injections of a mixture of L-[5-8H] proline and L-[4,5-4H]leucine [90 wCi/ul; 
0.8-1.0 ul/injection] deep in the cortex of the STs. After a survival period of 7 days, 
the animals were deeply reanesthetized and perfused with saline and a buffered solution 
of 10% formalin at 38°C. 

Paraffin-included brains were coronally sectioned at 8-10 wm. One section out of 
every five was processed for autoradiography with. a liquid emulsion (Kodak NTB-2) 
procedure and stained for cells with toluidine blue or cresyl-violet. Through the injection 
sites, sections adjacent to those autoradiographically treated were stained for fibers 
using a modified Heidenhain-Woelke method (see Ref. 6), in order to outline the limits 
of the MT (see Ref. 15). Serial sections of both hemispheres were observed by both 
bright- and dark-field microscopy and reproduced by camera lucida drawings. Crite- 
ria in delimiting the injection sites as well as further technical details have been repor- 
ted in a previous paper (23). 


as WIE IPS) 


As shown in Fig. 1 B, a number of radiolabeled aminoacid injections were per- 
formed in the banks and floor of the caudal half of the STs of different animals. 


Fig. 1. — Reconstruction of the injection sites of five different cases. 


A; Lateral view of the macaque brain with the superior temporal sulcus (STs) 
opened to show the 
outline of the middle temporal area (dots) and the superior temporal pol ion: 
DeSales baicoeen ae p p polysensory area (shaded region: 
B: Increased extract of the caudal half of the open STs, on which are re injecti i 
é ‘ ported the injection sit 
the different cases. Note that Case-6 is reported with two foci of injections (6 and 6. en 
Abbreviations: Lf, lateral (sylvian) fissure; STs, superior temporal sulcus. 
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In all cases a bundle of corticofugal labeled fibers could be traced through the optic 
radiation and the internal capsule, posterior to the putamen, as far as the ipsila- 
teral LGb. No label was found in the contralateral LGb. 


Fig. 2. — Projections from the posterior part of the caudal half of the superior temporal sulcus to thz 
pregeniculate and dorsal lateral geniculate nuclei (Case-4). 


i i indi lanes (a, g, i) 
’s left hemisphere on which are indicated three frontal p bie, 

peeneeky da reconstructions of B and C. The asterisks on the prelunate gyrus 

injecti i i i he superior temporal sulcus. 

injection site hidden in the banks of t 
eas agen ae of the lateral geniculate body at the level of section g. Only the magnocel- 
] ie cece edariiniae 1 and 2) of the dorsal lateral geniculate nucleus are outlined, to illustrate the pat- 
ee i istributi i i i laminar zones. 

i tion in the laminar and inter I aie 

ar : aaa eats ke Reorenicnlate nucleus. The stereotaxic planes are indicated near the rostral- 


= i) frontal sections of the nucleus. 
ee etonen Caeae A pee DLGn, dorsal lateral geniculate nucleus; PGn, pregeniculate 
T 4 3 > 


nucleus; STs, superior temporal sulcus; Ve, lateral ventricle; D, dorsal; V, ventral; M, medial; L, la- 
cd > 
teral. 

24, 


A: Lateral view of the 6 
out of those shown in the camera luci 
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The injection site of Case 4 (see Fig. 1 B) was at the caudal-most part of the STs 
and included a part of its lower bank, the fundus and a narrow strip of the upper 
bank of the sulcus. Fig. 2 illustrates the results of this case. The PGn was labeled, 
with silver grains accumulating in its medial and dorsomedial parts (Fig. 2 B and 
C, a-g). In the posterior-most sections (Fig. 2 C, h, i), labeled material was also 
observed to fill a region of the PGn which extended medially towards the zona 


A 


ee 


a (+10.7) 
V 2mm YQ 


ig. 3), = Iz ji i fi rior 1 a 6) the uper ior or - 
I 3 rojection from the ante pa to the caudal h i} lA 


A: Lateral view of the monkey’s left hemisph i indi 
phere on which are indicated three frontal pl j 
ot ee - ee tec lucida reconstructions of B and C. The asterisks Hyer 
mar € extent of the injection site hidden in the banks of the superi 
2 i : rior tempora 
o ere veds me of the pene geniculate body at the level of section i rayon 
: onstruction of the pregeniculate nucleus. The stereotaxic planes indi 
most (a) and the caudal-most (i) frontal sections of the nae imnpainan seer eee 
Abbreviations as in Fig. 2. 
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incerta. This region of the PGn is sometimes considered as a separate nucleus and 
named the parageniculate nucleus (18). In this structure most of the silver grains 
were arranged in a fiber-like pattern (see Fig. 2 C, h, i). Autoradiographic mate- 
rial was also seen in the DLGn’s magnocellular layers and their adjoining interla- 
minar zones (Fig. 2 B), the latter exhibiting the heaviest labeling. Only sparse fiber- 
like grain accumulations were seen in the parvocellular layers (Fig. 2 B). The same 
pattern of projection into the DLGn was found in a brain (Case 6) where one of 
the two foci of injections (6’ in Fig. 1 B) partially overlapped that of Case 4, at 
the junction between the fundus and the upper bank of the STs. In Case 6, silver 
grains occupied the medial region of the caudal fourth of the PGn and the parage- 
niculate nucleus. 

Cases 7 and 8 received injections in the cortex of the caudal-most part of the 
STs, those injections being confined to its lower bank (see Fig. 1 B). By comparing 
adjacent sections alternately treated for autoradiography and myelin, the Case 
7 and Case 8 injection sites appeared to lie mainly within the limits of the myeloar- 
chitectonically distinguishable MT area. The LGb projections of these cases were 
very scarce. Labels were found in about | mm of the middle antero-posterior re- 
gion of the PGn, this being restricted to its medial part. No labels were seen in 
the DLGn or in the parageniculate nucleus. 

Case 5 showed a large injection site in the anterior part of the STs caudal half, 
involving the floor and a strip of both the lower and upper banks (see Fig. 1 B). 
As a result, labeled material was found in almost all the rostro-caudal extent of 
the PGn (Fig. 3 C). The most striking feature of this projection was the involvement 
of a band of the PGn which is immediately above the fibrous capsule surrounding 
the DLGn, whereas the dorsomedial and medial parts of the PGn were spared 
(Fig. 3 C, b-g). The pattern of silver grain distribution in the parageniculate nucleus 
(Fig. 3 C, h, i) was similar to that described in Case 4. The DLGn was completely 
devoid of label (Fig. 3 B). 


DISCUSSION 


Projections to the DLGn. Our results show that the visual areas of the STs around 
the MT project into the DLGn, but the MT itself does not, this being in agreement 
with Ungerleider et al. (25), who did not find the DLGn as a target of the MT ef- 
ferents in macaque monkeys. : 
The distribution of the terminal fields in the DLGn’s layers 1s nonhomogeneous, 
since the cortico-geniculate fibers arising from the STs terminate in the magnocel- 
lular layers of the DLGn with particular involvement of their interlaminar zones, 
completely sparing the parvocellular layers. A similar pattern of terminations in 
the DLGn has been previously described for fibers arising from area 18 in the ma- 
caque monkey (12), from areas 18 and MT in the owl monkey (13), and from the 
superior colliculus in both the New World (9) and the Old World monkeys Ch): 
In searching for a possible functional role of this type of projection, it should be 
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pointed out that dorsal lateral geniculate neurons with different functional pro- 
perties are located within different layers. In particular, the Y-cells, typically acti- 
vated by fast moving visual stimuli and which are possibly concerned in the discri- 
mination of movement of visual stimuli (24), are esclusively located in the ma- 
gnocellular layers (5, 21). It is therefore not surprising that extrastriate visual ef- 
ferent arising from the cortical region bordering the MT, with neurons sensitive 
to the direction of moving visual stimuli, terminate in the magnocellular layers 
of the DLGn. However, it is quite surprising, in this respect that the MT of the 
macaque monkey does not project there, since it is regarded as the most specific 
visual area in motion analysis (17, 27). 

Projections to the PGn. The PGn is known to receive cortical visual afferents 
in primates. In New World monkeys, some extrastriate visual areas, including 
the MT, are found to project into the PGn (7, 22). In the macaque monkey, men- 
tion should be made of the pioneering study of Campos-Ortega (4) who observed 
few degenerating fibers in the PGn after lesion of the striate area and a consistent 
degeneration zone when the lesion affected the circumstriate cortex (areas 18 and 
19). As to extrastriate visual projections to the PGn arising from the banks of the 
STs, the bulk of the findings are concerned with efferents from the MT (16, 25) 
rather than from the surrounding areas. Our data shows that the cortex of the cau- 
dal half of the STs projects into the PGn. Moreover, the location of the terminal 
fields within the PGn seems to be linked to the origin of the corticofugal fibers. 
The target of the efferents from the anterior part of the STs’s caudal half lies late- 
rally and closer to the fibrous perigeniculate capsule when compared with the tar- 
get of the efferents from the posterior part of the caudal half of this sulcus. This 
connectional distinction within the PGn fits in well with the cytoarchitectonic subdi- 
vision of the nucleus in two parts, called the internal and external layers according 
to the nomenclature of Niimi et al. (18). The internal layer, known to receive pro- 
jections from the visual cortex (10, 22), is situated medially and in part dorsally 
to the external layer, which in turn lies just above the fibrous capsule of the DLGn 
and receives a retinal input (11) but not-cortical visual afferents, at least in New 
World monkeys (7, 22). The cortex of the caudal-most part of the STs, which be- 
longs to the visual region, turns out to be connected with the internal layer (present 
results), in agreement with the linkage pattern between visual cortical areas and 
the PGn (10, 22). On the contrary, the anterior part of the STs’s caudal half appears 
to project into the external, retinorecipient layer of the PGn. This is what occurs 
in Case 5, whose injection site involved part of the superior temporal polysensory 
region, as proved by the autoradiographic material that was also found in the me- 
dial geniculate nucleus and in the inferior colliculus (unpublished results). Both 
these structures were free of labeling in Case 6, whose injection site partially over- 
lapped that of Case 5, but whose projection target in the PGn was solely the inter- 
nal layer. We can therefore infer that the peculiar projection zone in the external 
layer seen in Case 5 should be ascribed to the polysensory region of the STs 

The MT projection to the PGn in the macaque requires some further aiitides 
rations. Previously described by Maunsell and Van Essen (16), this projection 
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has been recently reported as doubtful by Ungerleider et al. (25), since it was pre- 
sent in only one out of five cases. Our results indicate that the two brains injected 
in the MT (Cases 7 and 8) each exhibited a light projection in the same zone of 
the PGn as case number MT-2 of Ungerleider ef al. (25). Therefore, it is likely 
that the MT does project into the PGn. The scantiness of the projection zone may 
be due to the fact that our injection sites did not involve the entire MT. However, 
on the basis of the reconstructions of the Case 7 and Case 8 injection sites, the pos- 
sibility that such a projection may be due to the involvement of the visual region 
just outside the MT cannot be completely ruled out. 

The functional significance of the projection system from the STs cortex to the 
PGn is a matter of speculation. This is in part because the role of the PGn in the 
visual system is still a debated problem. Electrophysiological investigations showed 
that the firing of most of the PGn neurons is guided both by saccadic eye movements 
(even in the dark: 3, 14) and by light flashes (3). In other words, the PGn may be 
regarded as being a region of visual and oculomotor interaction (see also Ref. 3). 
Keeping in mind the involvement of the visual STs region in the analysis of moving 
visual stimuli, one might speculate that the pregeniculate afferents arising from the 
caudal part of the STs contribute to supply this nucleus with visual information 
related to motion analysis. 


SUMMARY 


1. Cortical projections from the visual region and adjacent polysensory region 
of the superior temporal sulcus (STs) to the lateral geniculate body (LGb) were 
investigated in the macaque monkey using an autoradiographic tracing method. 

2. Solutions of tritiated aminoacids were injected into different parts of the 
caudal half of the STs of five animals. A survival time of 7 days was allowed. 

3. Labels were found in both subdivisions of the LGb: the dorsal lateral geni- 
culate nucleus (DLGn) and the pregeniculate nucleus (PGn). In particular, part 
of the visual cortical region adjacent to the middle temporal area (MT) projects 
into the DLGn as well as the PGn, whereas the MT itself and the superior tempo- 
ral polysensory region project into the PGn only. 

4. Afferents to the DLGn terminate in the magnocellular layers and in their 
adjoining interlaminar zones, completely sparing the parvocellular layers. 

5 Afferents to the PGn terminate in separate regions of this nucleus; the MT 
and adjacent visual cortices project into the internal layer of the PGn, whereas 
the polysensosy region of the STs projects into the external retinorecipient layer 


of the PGn. 
6. Possible functional implications of these projections are discussed. 
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PROJECTIONS FROM THE EDINGER-WESTPHAL COMPLEX 
OF MONKEYS AS STUDIED BY MEANS OF RETROGRADE 
AXONAL TRANSPORT OF HORSERADISH PEROXIDASE 
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NG ERSOUD TOIL OmN 


The Edinger-Westphal nucleus (EW) is divided into two main parts: the medial 
and lateral visceral cell columns. The medial column is composed of large and 
small cells and the lateral column mostly of small cells. The rostral part of EW 
extends to the anteromedian nucleus (AM), which is composed mostly of small 
cells. 

In confirming the previous study of Warwick (18), Burde and Loewy (3) recent- 
ly demonstrated the AM/EW projection to the ciliary ganglion with the horseradish 
peroxidase method in the monkey, and projection to the spinal cord has also been 
shown (3, 5). ) 

It has also been reported in the cat that AM and EW project to the spinal cord, 
cerebellar nuclei and ciliary ganglion (4, 9, 10, 11, 12, 13, 15, 16, 17). Although 
the functional role of AM and EW remains unclear, several authors (7, 8) have 
suggested that AM is possibly correlated with the accomodation, while EW is 
related to the pupillary light reflex. Clinically, a disturbance of accomodation or 
convergence is associated with the trauma at the neck or occipital portion. 

An attempt was made in the present study to identify preganglionic (AM/EW) 
neurons which send thair axons to the ciliary ganglion in Japanese monkey (Ma- 
caca fuscata). A comparison of the type and distribution of AM and EW neurons 
projecting to the ciliary ganglion with those to the cerebellar nuclei and spinal 
cord was a primary objective of the present study. 


MATERIAL AND METHODS 


Four monkeys were used in this investigation. Under Ketalar and Nembutal anesthesia, 
a small amount of a 50°4 HRP [w/v] suspension was injected into the ciliary ganglion, 
cerebellar nuclei, or spinal cord. The injections were performed by means of 1.0 wl 
Hamilton syringe with a glass-micropipette, and the needle was kept in situ for 20 min. 

The surgical approach to the ciliary ganglion was performed through an open space 
‘made between the superior and the lateral rectus muscles after the orbitofrontal cra- 


3 Present address: Dept. of Ophthalmology, School of Medicine, Kitasato University. 
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niotomy. In order to avoid the leakage of the enzyme injected into the ciliary ganglion, 
the surface of the ganglion was sealed with super glue (Alon Alpha). Injection of enzyme 
into the cerebellar nuclei (stereotactically) or the cervical spinal cord (under visuai gui- 
dance) was made after removal of the bone and incision of the dura mater. 

The animals were perfused intracardially with physiological saline followed by a 
mixture of 0.5°% paraformaldehyde and 2.5% glutaraldehyde in 0.1M phosphate buf- 
fer (pH. 7.3). The fixative was washed out by perfusing a solution of 107% sucrose buf- 
fer. The brain was dissected free from the skull and stored in the phosphate buf- 
fer containing 30° sucrose, then it was cut transversally at 50 wm on a freezing micro- 
tome. Every third section was incubated according to the methods of Mesulum (14). 
Sections were counterstained with 1° neutral red. These were examined under the mi- 
croscope, and locations of labeled neurons appearing in AM, EW and their adjacent 
structures were entered in the drawings of sections. Camera lucida drawings of the la- 
beled cells in part of EW were also made. One monkey (Com 58), which received no 
injection of HRP into the brain, was used as a control to exclude endogenous reacti- 
vity of the enzyme in the AM and EW neurons. 


Abbreviations. 


AM:  Anteromedian nucleus. 
Coe Ciliary ganglion. 
Gains Cerebellar nuclei. 


CTF: Central tegmental field. 

GVE Capillary vessel. 

EW:  Edinger-Westphal nucleus. 

FR: Fasciculus retroflexus. 

MLF: Medial longitudinal fasciculus. 

mNr: Magnocellular part of the red nucleus. 
NB: Nucleus accessorius medialis of Bechterew. 
ND: Nucleus of Darkschewitsch. 

Nint: Interstitial nucleus of Cajal. 

pNr: Parvocellular part of the red nucleus. 
Si Ga Spinal cord. 

ii: Somatic oculomotor nucleus. 


RESULTS 


After injections of HRP into the ciliary ganglion, the cerebellar nuclei or the Spi- 
nal cord, many labeled cells (Figs. 1 and 2) occurred in several mesencephalic 
structures, e.g. the AM, EW, and “‘ Perlia’s nucleus’, the interstitial nucleus of 
Cajal, and the red nucleus. For the nomenclature and subdivisions of the visceral 
nuclei of the oculomotor complex, those of Carpenter and Peter (6) were used. 

In monkey Com 50 (2 points of 0.25 wl, sacrificed after 48 hours, Fig. 2), injections 
of HRP were made into the left cerebellar nuclei, which resulted in the staining of 
all parts of the nuclei on the left side as well as extensive areas of the right fastigial 
nucleus. In addition, the cerebellar cortex of the posterior vermis was partially 
stained. In the rostral mesencephalon, labeled cells appeared bilaterally in both 
AM and EW with ipsilateral preponderance. The number of the labeled cells in 
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AM and EW was 140 on the left and 72 on the right side. Labeled neurons were 
found in both the medial and lateral parts of AM, and in the medial and lateral 
visceral cell columns in EW (Fig. 3 A). A large number of the cells were spindle 
shaped (8-11 «m in diameter, the smaller diameter being measured for the spindle- 
shaped cell). A small number of cells of round/oval shaped (10-15 »m in diameter) 
were also labeled in the lateral visceral cell column of the caudal part of EW. In 


caudal 


Fig. 2. - Semidiagrams of five different levels (A, B, C, D 

‘ ums of f , B, C, D, and E) of transve ti id- 

pee oe the distribution of labeled cells (dots) after injections of i ae Lt 
ei (¢.n., Com 50), the spinal cord (s.c., Com 44) and the left ciliary ganglion (c.g., Com 48) ot 


Labeled neurons in three neighboring sections are superimposed in the drawings 
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the red nucleus, many large labeled cells were observed contralaterally, and only 
a few ipsilaterally, in the dorsal and lateral parts of the magnocellular region. 

In monkey Com 44 (6x 0.3 ul, 48 h, Fig. 2), bilateral injections of HRP were made 
in the C4 segment of the spinal cord, which resulted in the staining of the enzyme 
covering C2-C7. In the rostral mesencephalon, labeled cells appeared in AM and 
EW on both sides. They were found in the entire part of the nuclei. A large num- 
ber of labeled cells were spindle shaped (8-11 wm). A smaller number of labeled 
cells, round or oval in shape (10-15 um), were located in the lateral visceral cell 
column of the caudal part of EW. Neurons were also labeled bilaterally in the nu- 
cleus of Darkschewitsch and the interstitial nucleus of Cajal, the lateral part of 
the magnocellular part of the red nucleus, and the central tegmental field. 

In monkey Com 48 (0.3 ul, 48 h, Fig. 2), injection of HRP was made into the left 
ciliary ganglion. Retrogradely labeled cells were found ipsilaterally in AM and EW. 
Labeled cells were large (25-40 wm) and oval or round. They were found in the me- 
dial part of AM and the medial cisceral cell column of EW (Fig. 3B). No labeled 
cells occurred in the lateral visceral cell column of EW. A few cells were also la- 
beled in the nucleus of Perlia. In the caudal mesencephalon, however, the red nu- 
cleus and its adjacent structures contained no labeled cells. 

In monkey Com 58 (control case), no endogenous peroxidase activity was shown 
in the neurons of AM/ EW and adjacent structures. 


DISCUSSION 


With the aid of modern tracer techniques, AM and EW have recently been shown 
to send fibers to several structures, e.g. the spinal cord, cerebellar nuclei and cilia- 
ry ganglion. Projections to AM and EW have also been shown, autoradiographi- 
cally by Benevento ef al. (2) to originate from the sublentiform and olivary nuclei 
of the monkey pretectum: the former projects bilaterally to both AM and EW and 
the latter contralaterally to the lateral visceral cell column only. 

In the following, projections to the three main targets, i.e. the cerebellum, spi- 
nal cord and ciliary ganglion will be discussed. Projections from the midbrain stru- 
ctures other than the AM and EW will not be considered here. 

Projections to the cerebellum. Direct projections from AM and EW to the ce- 
rebellar nuclei has been demonstrated with the HRP method in the cat (16). La- 
beled cells in the cat were small to medium sized, oval or spindle-shaped, and they 
were found bilaterally in almost the entire parts of AM and EW with a contralate- 
ral preponderance. The present study also demonstrated in the monkey that the AM 
and EW neurons project to the cerebellar nuclei *. Projection neurons to the ce- 
rebellum were spindle-form of small sized (8-11 ym), and they were distributed 


1 Since parts of the cerebellar cortex was also stained with the enzyme in our experiment (see Re- 
sults), the possibility remained that projections to the cortex, if existed, might have been included in 


our data. 
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throughout AM and EW (Figs. 1 A and 3A). Small, round neurons (11-15 «m) 
were also labeled in the lateral visceral cell column of the caudal part of EW. 

Although the definite conclusion could hardly be deduced from our experiment, 
due to the partial spread of the injected HRP to the contralateral fastigial nucleus, 
it appears that the projection is bilateral with an ipsilateral preponderance as coun- 
ted the number of labeled cells in monkey Com 50, which is at variance with the 
findings of cats (16). 


ToeGcans To c.g. 


Fig. 3. = Camera lucida dr awings of labeled cells (stippled on the le t side oJ a Section throug the yvi- 
SCer al nuclei of the oculomotor complex (at le vel G. 0 Fi . 2 ajter in ection o to ere. I 


Note that the level of B is about 0.3 mm rostral to 


: : that of A. i : 
traced. Broken lines indicate the midline. Scale bar 50 aan oes ot Don -labeled celeron 


| 


PROJECTION NEURONS OF EDINGER-WESTPHAL COMPLEX Sa 7/ 


Projections to the spinal cord. Spinal projection neurons in AM and EW have 
been identified in the cat (16, 17) and monkey (3, 5). The present study confirmed 
the previous findings. Thus, projection neurons to the spinal cord were spindle- 
form of small sized (8-11 wm), and they were distributed in the entire parts of AM 
and EW (Fig. |B). Small round neurons (10-15 um) were also found to give rise 
to the projection from the lateral visceral cell column of the caudal part of EW. 

As seen above, the distribution of neurons and their cell-type which project 
to the spinal cord or the cerebellum were quite similar in the monkey. As described 
previously by Sugimoto et al (16), however, there was a clear difference in the di- 
stribution of the two kinds of the projection neurons in AM/EW, although the cell- 
types were similar between the two. 

Projections to the ciliary ganglion. After the ciliary ganglionectomy in the monkey, 
Warwick (18) observed retrograde cellular degeneration (chromatolysis, swelling 
and nuclear eccentricity) in AM and EW on the ipsilateral side. Larger cells (37-45 
wm as measured from his figure 10) of round/oval form were frequently found 
to be affected. He (18) also obtained findings from lesion experiments which led 
him to conclude that 97°% of the ciliary ganglion cells relate to the ciliary muscle 
and 3% to the iris sphincter. Jampel and Mindel (8) could later produce iris-bulge 
and changes in the retinoscopic reflex (accomodation) after electrical stimulation 
of the monkey AM. 

In the monkey, as described first in the present study, neurons projecting to the 
ciliary ganglion were large (25-40 wm) and oval/round in shape, and were located 
ipsilaterally in the medial part of AM and the medial visceral cell column of EW 
as well as in the ‘‘ Perlia’s nucleus”’. The size, shape and distribution of the cells 
projecting to the ciliary ganglion (Figs. 1 C and 3B) were clearly different from 
those projecting to the cerebellum (cp. Figs. 1.4 and 3 A) or the spinal cord (cp. 
Fig. 1 B). It is apparent that the neurons projecting to the ciliary ganglion are larger 
than those going to the cerebellum or the spinal cord. This is in accord with the 
findings of the double labeling method performed in the cat by Burde et al. (4) 
and Maciewicz et al. (13). They showed that the neurons projecting to the ciliary 
ganglion do not share axon collaterals with those projecting to the cerebellum or 
spinal cord, whereas some cells share collaterals between the cerebellar and spi- 
nal projection neurons. 

The present findings thus confirmed and further extended the previous data (1, 
3) in showing the distribution of the projection neurons. It may be assumed that 
in the monkey large and oval/round cells in the medial part of AM and the medial 
visceral cell column in EW, which may receive visual inputs from the pretectal 
nuclei (2), are responsible for the accomodation and pupillary constriction. 


SUMMARY 


By means of retrograde axonal transport of horseradish peroxidase, an experimen- 
tal study was made in the Japanese monkey of the projection from the anteromedian 
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nucleus (AM) and Edinger-Westphal nucleus (EW) to the ciliary ganglon, cere- 
bellar nuclei and spinal cord. Special attention was paid on the labeled cell forms. 

Neurons projecting to the cerebellar nuclei or the spinal cord were small (8-11 
ym. in diameter) and spindle-shaped, and they were located in almost the entire 
parts of both AM and EW. On the other hand, cells which gave off their axons 
to the ciliary ganglion were large (25-40 wm in diameter) and oval/round in shape. 
Their locations were confined to the medial parts of both AM and EW, except 
for the most caudal part of EW. In addition, a few cells in the ‘‘ nucleus of Perlia ” 
were found to project to the ciliary ganglion. 


Acknowledgements. — We thank Dr. K. Mukuno for his kind help in the operation 
of the ciliary ganglion. 
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